ABSTRACT: Improved spray deposition can be attained by electrostatically charging spray droplets, which increases the attraction of droplets to plants and decreases operator exposure to pesticide and losses to the environment. However, this technique alone is not sufficient to achieve desirable penetration of the spray solution into the crop canopy; thus, air assistance can be added to the electrostatic spraying to further improve spray deposition. This study was conducted to compare different spraying technologies on spray deposition and two-spotted spider mite control in cut chrysanthemum. Treatments included in the study were: conventional TJ 8003 double flat fan nozzles, conventional TXVK-3 hollow cone nozzles, semi-stationary motorized jet launched spray with electrostatic spray system (ESS) and air assistance (AA), and semi-stationary motorized jet launched spray with AA only (no ESS). To evaluate the effect of these spraying technologies on the control of two-spotted spider mite, a control treatment was included that did not receive an acaricide application. The AA spraying technology, with or without ESS, optimized spray deposition and provided satisfactory two-spotted spider mite control up to 4 days after application.
Introduction
In Brazil, the cultivated area with chrysanthemum (Dendranthema grandiflora Tzvelev) has increased over the last few years resulting in increased pressure from insect and disease pests. One of the most serious pest problems in chrysanthemum under protected conditions (Reddy et al., 2014) is Tetranychus urticae Koch (Acari: Tetranychidae) which can feed on over 1,100 different plants from more than 140 different plant families (Grbić et al., 2011) .
The main phytosanitary problems in cut chrysanthemum occur in the lower portion of the plant. Current commercial production practices include growing the plants at an extremely high density (90 plants m −2 ). These factors have made it necessary to search for new application techniques that offer more effective pest control by ensuring that the spray penetrates the plant canopy to reach the insect pests.
Pesticide applications have been characterized by a considerable waste of energy and water, improper use of chemicals, and significant environmental contamination (Matthews, 2000) . Only 1 % of the sprayed pesticides are effective and 99 % of pesticides applied are released to non-target soils, water bodies and the atmosphere, and finally absorbed by almost every organism (Zhang et al., 2011) . Therefore, the electrostatic spraying system (ESS) is presented as an innovative application technology which will help to optimize the use of pesticides by improving spray deposition on the target and reduce volumes and/or doses of pesticide applied to plants.
The main advantage of electrostatic charging is the higher deposition on the target plants and lower deposition on the ground (Xiongkui et al., 2011; Esehaghbeygi, 2012; Mamidi et al., 2013) . While ESS improves spray deposition only on the top of plants, air assistance (AA) is also needed to ensure that spray droplets penetrate the canopy and reach the lower part of the plants. To be effective, the deposition of electrically charged droplets on adaxial and abaxial leaf surfaces, is influenced by the spray-load voltage (system), application rate (operating), guidance and target height (Maski and Durairaj, 2010) .
ESS and AA spraying offer alternative pesticide application methods for spider mite control especially to cater to small producers. The aim of this study was to evaluate the spray deposition and spider mite control achieved with ESS and AA compared with conventional application technology (manual spray boom with no ESS nor AA) in cut chrysanthemum.
Materials and Methods

Spray deposition
The trials were carried out in greenhouses (no controlled conditions of temperature, relative humidity and light) located in the Holambra II district, municipality position was quantified on the lower, middle, and upper thirds of the plants on both the adaxial and abaxial leaf surfaces. Blotting paper was used as an artificial target and Rhodamine B as a tracer, based on the methodology described by Cerqueira-Rezende et al. (2012) . The method selection and reliability of the quantitative analysis of spray deposition depend on the nature of the target, the tracer substance, and the interaction between the target and the tracer. The tracer Rhodamine B is recommended for quantitative spraying evaluation on artificial targets to optimize the reliability of the quantitative analysis (Cerqueira-Rezende et al., 2012) .
The experiments were conducted with plants of cut chrysanthemum from the Reagan cultivar, that were approximately 1.0 m tall, which represents the most critical development stage for phytosanitary treatment (pesticide application). The experimental design was a completely randomized design with four treatments and five replications. The dimensions of each plot were 1.20 m × 6.0 m (width × length). In the central area of each plot (0.60 m × 4.0 m) blotting papers (artificial targets) were placed on ten random plants. Blotting papers were 1.5 × 2.0 cm and were placed on the abaxial and adaxial leaf surfaces in the lower, middle, and upper thirds (0.25, 0.5 and 0.75 m, respectively, above the ground) of each plant; thus, each plant contained a total of six blotting papers.
The four spray application techniques investigated in the study were: 1) conventional with TXVK-3 hollow conic nozzle (application system usually used in commercial cut chrysanthemum company production), 2) conventional with TwinJet TJ 8003 double flat fan spray nozzle, 3) semi-stationary motorized gun jet launched sprayer (ESS, model MBP 4.0, Watkinsville, GA, US) with electric charge and air assistance, and 4) semi-stationary motorized gun jet launched sprayer with air assistance only (no electric charge).
The conventional spray application was dispersed using a manual spray boom with 5 nozzles spaced at 0.3 m to which liquid was supplied via a hose from a stationary pump. The air assisted electrostatic spraying system had an induction-charging nozzle (at the tip of the nozzle is a tiny electrode which applies an electrical charge to the spray), a high-voltage generator, a portable blower powered by a gasoline engine, spray liquid 15 liter-tank and a flexible spray hose.
The electrostatic sprayer uses the pneumatic principle for formation and fractionation of the droplets; moreover, it uses the methods of indirect induction of charges for drop electrification (Sasaki et al., 2013) . The applicator speed was measured with a timer, and the application volume varied according to the flow rate of each nozzle. Equipment and technical characteristics of the respective treatments are provided in Table 1 .
The spray height for the conventional spray boom, equipped with the nozzles TJ 8003 and TXVK-3, was 0.50 m above the crop canopy. In the electrostatic and air assisted equipment treatments the nozzle was maintained at 0.20 m above the crop canopy and tilted at 30° in the horizontal plane of the crop canopy in relation to the direction the applicator was walking. This configuration was done in order to obtain better spray deposition.
Air velocity of semi stationary sprayer was measured with a portable digital thermo-anemometer in three replicates at distances of 0.25, 0.50, 1.0, 1.5, 2.0, 2.5, and 3.0 m from the equipment nozzle exit at medium and maximum acceleration of the engine in a closed room.
The TXVK-3 hollow cone nozzle was selected because it provides thorough spray coverage (higher density drops). The Twinjet TJ 8003 double flat fan spray nozzle was selected because it produces spray droplets similar in size to those produced by the TXVK-3 nozzle at similar work pressures (ASABE, 2004) . Additionally, the Twinjet TJ 8003 double flat fan spray nozzle is commonly used for phytosanitary treatments in commercial cut chrysanthemum production.
The spray solution was prepared with Rhodamine B tracer at a concentration of 0.05 g L −1 of water. During spraying the temperature and the relative humidity were 32 ± 2 °C and 56 ± 2 %, respectively. After spray treatment the blotting papers were collected from each portion of the plant and placed in separate sample containers. They were then taken to the Laboratory, Jaguariúna City, São Paulo, where they were placed in amber vials with 50 mL of extraction solution consisting of distilled water + 0.2 % Tween 80 (polyoxyethelene sorbitan monolaurate). The vials with the extraction solution were placed on a rotary shaker at 150 rpm for 15 min and then allowed to stand for 10 min. A 4.0 mL aliquot of the extraction solution was then removed for Rhodamine B concentration measurement in a fluorometer with an NB 540 excitation filter and SC 585 emission filter.
The fluorometer calibration was performed in four replicates of 0, 10, 25, 50, 75, and 100 mg L −1 Rhodamine B solutions. The reading of the marker concentra- and 7 days after application (DAA) by counting the number of mites per leaf in the middle and upper thirds of plants. A second application of acaricide occurred 7 days after the first application; this was necessary to achieve further control due to the high population of mites in the area. Mite population assessment data were submitted to analysis of variance by F test (p < 0.05) to verify the homogeneity of the population among the experimental plots. As this test is a significant one, the data were subjected to analysis of covariance (p < 0.05) to adjust for the number of mites in relation to the preliminary evaluation. To evaluate the effect of the pesticide application technology on mite control, the results were subjected to analysis of variance using an F test (p < 0.05), with treatments arranged in a 5 × 2 factorial (5 treatments × 2 parts of the plant). The treatment means were compared using Tukey's test (p < 0.05). The mean efficacy of the treatments was calculated by the Handerson and Tilton formula (Henderson and Tilton, 1955) , which was justified by the lack of homogeneity in the experimental plots.
Results and Discussion
Spray deposition
The mean air velocity of the ESS equipment at seven distances from the air outlet is presented in Table  2 . Results of the spray deposition study are presented in Table 3 . Only on the upper third of the plant did the ESS equipment (treatments 3 and 4) provide greater spray deposition on the adaxial leaf surface compared to conventional treatments. On the abaxial leaf surface (upper third), the ESS equipment with both electrostatic charge and air assisted spraying provided greater deposition concentration than the other treatments.
Spray deposition was also compared between different parts of the plant in the same leaf surface. For the adaxial leaf surface, greater spray deposition occurred on the upper third of plant in the treatments 1, 2 and 3, while deposition did not differ across plant sections in treatmet 2. For the abaxial surface, the ESS treatment with electrostatic charge and AA spraying provided greater spray deposition in the upper third of the plant compared to the middle and lower thirds of the plant; tion values made possible the accuracy of this analytical method. Extraction method details are described by Cerqueira-Rezende et al. (2012) . As the rate of application was not equal to all treatments, different doses of Rhodamine B were sprayed per area (hectare -ha / 1 ha = 10,000 m 2 ), considering its concentration in the solution equivalent to 0.05 g L −1
. In this way, the residual values were transformed to a volume equivalent to 800 L ha −1 for comparison. The deposition data were subjected to analysis of variance using an F test (p < 0.05), with treatments arranged in a factorial design with triple interaction 4 × 3 × 2 (4 treatments × 3 plant parts × 2 leaf surfaces). The treatment means were compared by Tukey's test (p < 0.05).
Effect of application technology on Tetranychus urticae control in chrysanthemum
The T. urticae control experiment was conducted at the same greenhouse where spray deposition experiments in two different chrysanthemum life cycles had been conducted, experiments A (Mar 2012) and B (May 2012). The experimental design was a completely randomized block design with five treatments and four replications. Each replicate was represented by a leaf; leaves were separately evaluated in the middle and upper thirds of ten random plants in each plot (leaves of bottom thirds were not evaluated due to the low mite population). The treatments were composed of the same four application equipment system used in the spray deposition experiment plus an additional treatment control -T5 (no pesticide sprayed). In the T. urticae control experiment, the techniques were used to apply the pesticide chlorfenapyr to control spider mite. Chlorfenapyr is a halogenated pyrrole that disrupts mitochondrial oxidaditive phosphorylation, resulting in disruption of adenosine triphosphate production and losses of energy, leading to cell dysfunction and subsequent elimination of the organism (Raghavendra et al., 2011) .
A preliminary evaluation of the spider mite population was performed by counting the number of live mites (nymphs and adults) per leaf in the lower, middle and upper thirds of the plant, with a pocket magnifier (10x magnification). The pesticide was applied to mite control when one mite per leaf (control level) was detected in samples throughout the plant.
The acaricidal applications were made using the same procedure as the spray deposition assessment experiment. The dosage was defined according to the chlorfenapyr manufacturer's recommendation (50 mL chlorfenapyr per 100 L −1 of water). The temperature and relative humidity levels during the application of experiment A were 36 ± 2 °C and 60 ± 2 % (first application) respectively; 36 ± 2 °C and 62 ± 2 % (second application). In experiment B the temperature was 34 ± 2 °C and relative humidity 57 ± 2 % (first application); 32 ± 2 °C and 69 ± 2 % (second application) respectively.
Mite population assessments were conducted 1, 4, spray deposition on the abaxial leaf surface did not differ across plant sections in the ESS with AA spraying and conventional treatments (Table 3) . The spray deposition between the two leaf surfaces in each part of the plant revealed that all treatments had the greatest deposition on the adaxial as compared to the abaxial leaf surface in the top third of the plant. In the middle third of the plant, higher levels of spray deposits on the abaxial leaf surface compared to the adaxial surface occurred only in treatments 3 and 4 (both with average deposition of 0.076 µg cm −2 ). In the bottom third of the plants deposition on the adaxial and abaxial leaf surfaces was equal (Table 3) . Western et al. (1994) reported that the use of air assistance reduced the drift of small spray droplets by 93 %, suggesting that most of the spray reached the target. The results of Western et al. (1994) concur with results of the pioneering research conducted by Hislop et al. (1983) and Cooke et al. (1986) , who reported that the use of electrostatic spraying has the potential to enhance, or at least maintain, levels of spray deposition and thereby contributes to a reduction in spray volume and, consequently, reduces the amount of pesticide used in some crops.
The effectiveness of the ESS and AA with the semi-stationary sprayer at increasing spray deposition is demonstrated by the results of treatment 3 on the upper third of the plants (Table 3) . It is important to note that achieving greater pesticide spray deposition on the plant is expected to provide increased efficacy of pesticides on insect and disease pests.
The efficacy of technologies on Tetranychus urticae in chrysanthemum
The absence of or low mite population on the bottom third of the plants, due to displacement towards the tops of plants, prevented analysis of mite control data in this region. The control treatment had fewer mites when compared with the other treatments, which indicates that the distribution of mites in the experimental area was uneven; therefore, the focus was on differences between control treatments that received a pesticide application (Tables 4-7) .
In the first chlorfenapyr application to experiment A, treatment 3 had a lower number of mites in the middle third of the plant (5.55) compared to the other sprayed treatments at 4 DAA. At 7 DAA, treatments 3 and 4 also showed lower numbers of mites compared to the other two sprayed treatments in the middle third of the plant (Table 4) . In experiment B the number of mites in treatments 3 and 4 was lower than that of treatment 2 in the middle and upper thirds of the plant at 4 DAA. At 7 DAA the number of mites in treatment 4 was lower than that of treatment 2 in the middle third of the plant and the number of mites in treatments 3 and 4 was lower than that of treatments 1 and 2 in the upper third of the plant (Table 5) .
Mite control in the middle third of the plant was not observed for treatments 1 and 2 in both experiments (A and B), whereas the number of mites in the preliminary evaluation (before application) of the experiments for these treatments was much lower than the number of mites found in the first, fourth, and seventh DAA (Tables 4 and 5). In treatment 3, experiment A, the number of mites in the first, fourth and seventh DAA gradually decreased, falling from 11 to 5.59 mites (50 % reduction) in the middle third of the plant and from 18.75 to 7.77 mites (59 % reduction) in the upper third of the plant (Table 4) .
Overall, it can be inferred that treatments 3 and 4 held the spider mite population constant between the preliminary evaluation and the control assessments, which shows the superiority of the ESS compared with the conventional application system (Tables 4 and 5 ). Without the control of the pest population growth provided by the ESS, substantial mites damage may have occurred and prevented the producer from marketing the final product. ) spray deposit ± standard deviations in the artificial target blotter paper, for treatment × part of the plant × leaf surface (adaxial and abaxial)*. No differences were observed between the different parts of the plant at each evaluation event after the first application in experiment A (Table 4) . In experiment B, there was a difference only seven DAA for treatment 1, where the number of mites in the upper third of the plant was higher than that of the middle third of the plant (Table 5) .
After the second pesticide application in experiment A, fewer mites were observed in the middle third of the plant in treatment 3 compared to the other treatments at 4 DAA. At 7 DAA, treatments 1 and 3 had lower numbers of mites in the upper third of the plant (Table  6 ). Treatment 1 also achieved a decrease in the average number of mites, falling from 17 (preview) to 4.93 (7 DAA) mites cm −2 (a 71 % reduction) in the middle third of the plant (Table 6) .
After the second application in experiment B, treatments 1 and 2 achieved a decrease in the number of mites in the upper and middle thirds of the plant, respectively. Treatments 3 and 4 had no difference in the average number of mites after this application, indicating that there was no increase in the pest population and, consequently, no increase in damage to the final marketable product (Table 7) .
Despite the mite control that was achieved, the efficacy of this product does not meet the control expectations of commercial producers. Factors that inhibited T. urticae control likely included the large population, irregular distribution of the population throughout the plant when the pesticide was applied, and principally the possibility of resistance to the acaricide. It should be noted that this pesticide is heavily sprayed for spider mite control in the floriculture industry of this region and probably is the reason for the low efficiency. Nicastro et al. (2013) reported pesticide resistance in this mite in various regions throughout Brazil; moreover, the high- *Means followed by the same letter: lowercase in the column, comparing treatments in each column; capital comparing the same part of the plant between the different days after spraying for each treatment, and Greek letters comparing different part of the plants within the same day after application in each treatment do not differ by Tukey test at 5 % probability (p > 0.05); NS = Not significant; DAA = Day(s) after application.
est frequencies of resistance were observed in populations collected from chrysanthemum in Holambra, SP. Spider mite control has been accomplished with both insecticides and acaricides (Zhang, 2003) ; however, due to the short life cycle, abundant progeny, and arrhenotokous reproduction, spider mites develop resistance to these compounds very quickly. According to Leeuwen et al. (2010) , 367 resistance cases to 92 T. urticae active ingredients have been reported, which makes their control a challenge. Herron and Rophail (2003) first detected spider mite resistance to chlorfenapyr in nectarine orchards in Australia. The results obtained by Tirello et al. (2012) indicate that some acaricides such as abamectin, hexythiazox, clofentezine used in greenhouse to control T. urticae in roses and other ornamental flowers have lost most of their activity. Regardless of the occurrence of resistance in the population exposed to pesticides, the results of this research concur with those obtained by Olivet and Val (2008) . The authors reported high efficacy on whitefly in tomato with lower application rates using an electrostatic sprayer when compared to 3.5 and 8.0 times higher the application rates applied with conventional spray equipment (no electrostatic charge).
Research on spray deposition has shown that 50 % of the active ingredient applied through ESS has the same efficacy on disease and insect pests as conventional methods. Additionally, applicator safety increases due to the reduction in the loss of foliar spray residue with electrically charged droplets (Law, 2001) .
The efficiency (%) average on controlling T. urticae on cut chrysanthemum after the chlorfenapyr applications by different treatments in the experiments A and B, can be seen on Figures 1 to 4 . In the first application of the pesticide (Experiment A) nearly 90 % effi- *Means followed by the same letter: lowercase in the column, comparing treatments in each column; capital comparing the same part of the plant between the different days after spraying for each treatment, and Greek letters comparing different part of the plants within the same day after application in each treatment do not differ by Tukey test at 5 % probability (p > 0.05); NS = Not significant; DAA = Day(s) after application.
cacy was achieved with treatment 3 at 4 DAA ( Figure  1 ). This demonstrates the increased level of control that was achieved with the ESS equipment associated with the AA. When the pesticide was sprayed only with the AA, efficacy decreased but was still higher than 75 % (Figure 1) . Overall, at 4 DAA , the second application in Experiment A, the treatments achieved efficacy (average of all treatments) on the upper and middle plant third of 64 and 71 %, respectively (Figure 2) . In Experiment B, mean efficacy was up to 80 % of the control at 4 DAA in treatments 3 and 4 (AA with electrostatic and only air assistance treatments, respectively), as shown in Figure 3 . After the second application of experiment B, there was less effective mite control in the first DAA. At 4 DAA the average control remained up to 50 % for both parts of the plant (Figure 4) .
Fluctuations in the spider mite population may be related to the favorable environmental conditions for their development and their relatively short life cycle. These factors, coupled with the likelihood of resistance to chlorfenapyr, may have inhibited control of this pest in chrysanthemum. The effects of dispersal and gene flow stability to two-spotted mite populations in the different experiments (A and B) probably influenced the acaricide resistance development. The knowledge of these effects is very important for advancing pesticide resistance management for arthropod pests. The AA and ESS equipment provided increased spray deposition and improved efficacy on two-spotted spider mite in cut chrysanthemum as compared to the spray deposition and efficacy provided by conventional spray technology. It is possible to substantially reduce the pesticide application rate in cut chrysanthemum with the AA, with or without the ESS, without affecting the efficacy of the pesticide. The electrostatic technique provided acceptable two-spotted spider mite control using 20 times less acaricide per ha in relation to the conventional spray; however, the control level was dependent on the T. urticae population size that was present when the acaricide was applied.
Based on the results, the semi-stationary electrostatic sprayer with AA showed good efficacy and spray deposition; however, it is considered as relatively expensive equipment by small producers and offers no com-fort to the applicator. In Brazil, small producers improvise steady spray systems by using water tanks with greater volumes to apply pesticides in their cultivation areas. Throughout the conduct of this research, it was verified that the ESS equipment with AA provides producers with many benefits (i.e. lower application volume, increased spray deposition, improved efficacy, and reduction of pesticide rate area unit) that may be, despite the initial investment, an economic tool over the years; however, producers do not always consider these advantages and often select the conventional equipment, which appears to them to be the most practical and cost-effective equipment that applies large quantities of spray solution.
The use of AA combined with electrostatic in backpack and semi-stationary equipment is very promising, especially in floriculture and horticulture where pesticides could be applied in lower dosages and spray volumes. For crops where spray droplet penetration is not a limiting factor in the control of harmful plant pests, potential use of products with contact action is higher, especially if the electrical charge droplets transfer is not associated with AA as an optional use of this spray equipment.
Future research on the effect of techniques and equipment on mite control should evaluate the susceptibility of the mite population to the acaricides used in a particular region. The low efficacy of some chemical groups of insecticides/acaricides, linked with the different population resistance levels and the population sizes at the time that the pesticide is applied, can negatively influence the efficacy that is offered by a particular technique or spray selection.
